Three types of contaminated soil from three geographically different areas were 26 subjected to a constant supply of benzene or benzene/toluene/ethylbenzene/ 27 xylenes for a period of 3 months. Different to the soil from Brazil (BRA) and 28 Switzerland (SUI), the Czech Republic (CZE) soil which was previously 29 subjected to intensive in-situ bioremediation displayed only negligible changes 30 in community structure. BRA and SUI soil samples showed a clear succession 31 of phylotypes. A rapid response to benzene stress was observed whereas the 32 response to BTEX pollution was significantly slower. After extended incubation, 33 actinobacterial phylotypes were increasing in relative abundance, indicating 34 their superior fitness to pollution stress. Commonalities, but also differences in 35 the phylotypes were observed. Catabolic gene surveys confirmed the 36 enrichment of actinobacteria by identifying the increase of actinobacterial genes 37 involved in the degradation of pollutants. Proteobacterial phylotypes were 38 increasing in relative abundance in SUI microcosms after short-term stress with 39 benzene, where catabolic gene surveys indicated metabolic routes enriched. 40
Introduction 45
Benzene, toluene, ethylbenzene and the isomers of xylene (BTEX) are of major 46 concern for human health, and are classified as priority pollutants 47 (http://water.epa.gov/scitech/swguidance/standards/criteria/current/index.cfm) 48
(1). It is primordial to avoid that these chemicals enter the environment. 49
Nevertheless, losses of contaminants during industrial and commercial 50 operations, municipal and industrial waste treatment, oil extraction and 51 derivatives production, retail distribution of petro products, inadequate storage 52 and sale are the main sources of BTEX environment contamination (2). 53
Several microorganisms have evolved specialized pathways to use aromatic 54 compounds like BTEX as their sole carbon and energy source (3). The analysis 55 of aromatic degradation by isolates gives a valuable understanding of metabolic 56 pathways, where the key steps are the ring activation and the ring cleavage (4, 57 5). Some important monoaromatic degradation pathways described are the 58 TOD pathway of P. putida F1, where the aromatic ring is activated by a Rieske 59 non-heme iron oxygenase (6), the TOM pathway of B. cepacia G4, where the 60 aromatic ring is activated by two hydroxylations catalyzed by toluene 2-61 monooxygenase (7) and the TOL pathway encoded on plasmid pWW0 of P. 62 putida mt2, where the degradation is initiated by the oxidation of the methyl 63 designs and various techniques have been applied for identifying key players in 70 pollutant degradation in the environment or for profiling specific contaminated 71 environments. However, experiments often focused either on isolating the 72 bacteria responsible for degradation after contaminant depletion, usually after 73 short term incubation (12) . Various studies tried to identify key players in situ 74 using stable isotope probing through incorporation of labeled atoms into 75 metabolically active microorganisms (13-15), however, community structure 76 analysis usually was performed through small scale clone libraries of relatively 77 low resolution fingerprinting methods. Others studied focused on the long-term 78 monitoring of contaminated ecosystems in situ through profiling microbial 79 communities and targeting specific catabolic genes assume to be important 80 (16) . As a matter of fact, most research has been focused on describing 81 degradation rates of pollutants and degrading organisms through clone libraries 82 or fingerprinting methods. Moreover, very little is known on the microbial 83 community response during experimental long-term contamination and pollutant 84 pressure. 85
Recent studies have characterized microbial communities from 86 contaminated environments using next generation sequencing (17, 18) and the 87 applicability of the Illumina technology for high throughput affordable amplicon 88 8 were further analysed. Signal Intensities were normalized against the 164 background using the formula NI=(probe intensity-background 165 intensity)/background intensity and the average intensity and standard deviation 166 of three experimental replicas determined. Only probes with a standard 167 deviation < 10% of the average intensity were considered for further analysis. 168
Microarray data, including the sequence of the probes and the intensity 169 recorded, are publicly available in Dataset S1. 170
Community analysis using 16S rRNA gene amplicon preparation. The 171 community analysis was performed by a modification of a previously described 172 method (21). The V5 and V6 regions of the 16S rRNA gene were amplified 173 using primers 807F and 1050R (30) ( Table 1 ) with 1 µL soil DNA as template in 174 a total volume of 20 µL 5x PrimeSTAR TM buffer, containing each 175 deoxynucleoside triphosphate at a concentration of 2.5 mM, each primer at a 176 concentration of 0.2 µM, 1 µL of template DNA and 0.2 µL of PrimeSTAR TM 177 HS DNA polymerase (2.5U). An initial denaturation step of 95°C for 3 min was 178 followed by 20 cycles of denaturation at 98°C for 10 sec, annealing at 51°C for 179 10 sec and extension at 72°C for 45 sec. One µL of the first reaction mixture 180 served as template in a second PCR performed under the same conditions as 181 above described, but for 15 cycles, where the 807F forward primer contains a 6 182 nucleotides (nt) error correcting barcode. Both primers comprised sequences 183 complementary to the Illumina specific adaptors to the 5´ends. In a third 184 amplification reaction (10 cycles), 1 µL of the second reaction mixture was used 185 as template using PCR primers designed to integrate the sequence of the 186 specific Illumina multiplexing sequencing primers and index primers. PCR 187 amplicons were verified by agarose gel electrophoresis, purified using 188
Macherey-Nagel 96-well plate purification kits (Macherey-Nagel, Düren, 189 Germany) following the manufacturer's instructions and quantified with the 190 Quant-iTPicoGreendsDNA reagent and kit (Invitrogen). Libraries were prepared 191 by pooling equimolar ratios of amplicons (200 ng of each sample) derived from 192 each time sample from each soil, all having been tagged with a unique barcode. 193
To remove single nucleotides and concentrate the sample, each library 1169 µl of volume) was precipitated on ice for 30 min after addition of 20 µl of 195 NaCl (3M) and 3 volumes of ice-cold 100% ethanol. The precipitated DNA was 196 centrifuged at 13,000 x g for 30 min at 4°C. The supernatant was removed, the 197 pellet air dried, resuspended in 30 µL of double-distilled water and separated on 198 a 2% agarose gel. PCR products of the correct size were extracted and 199 recovered using the QIAquick gel extraction kit (Qiagen). Negative controls 200 using water as template were performed and were free of any amplification 201 products after all rounds of PCR. 202
Bioinformatic analysis of Illumina data. For this study, only the forward 203 end sequence reads were processed. In total 2.003.786 sequence reads were 204 obtained. A quality filter program that runs a sliding window of 10% of the read 205 length over the read and calculates the local average score based on the 206 Illumina quality line of the fasta file, trimmed 3'-ends of the reads that fall below 207 a quality score of 10 (http://wiki.bioinformatics.ucdavis.edu/index.php/Trim.pl). 208
Only reads of a minimum of 115 nt in length (29 nt of primer and barcode 209 sequence and 86 nt of 16S rRNA gene sequence) were further analyzed. All 210 truncated reads that had an N character in their sequence, any mismatches 211 within primers and barcodes or more than 8 homopolymer stretches were 212 discarded. All sequences from each sample were split into different files 213 according to their unique barcode. 214
A total of 61 samples were further processed, totaling to 1,367,917 215 sequence reads. This data-set was collapsed into unique representative reads. 216
These reads were clustered into unique representative reads allowing one 217 mismatch using mothur (31). A representative read was further considered if: a) 218 it was present in at least one sample in a relative abundance >0.1% of the total 219 sequences of that sample or b) it was present in at least 3 samples or c) it was 220 present in a copy number of at least 10 in at least one sample. This reduced the 221 number of representative reads to 486 phylotypes. All phylotypes were 222 assigned a taxonomic affiliation based on naive Bayesian classification (RDP 223 classifier) (32). All 486 phylotypes were then manually analyzed against the 224 RDP database using the Seqmatch function as well as against the NCBI 225 database to define the discriminatory power of each sequence read. For read 226 annotation, a species name was assigned to a phylotype when only 16S rRNA 227 gene fragments of previously described isolates of that species showed ≤ 2 228 mismatches with the respective representative sequence read. Similarly, a 229 genus name was assigned to a phylotype when only 16S rRNA gene fragments 230 of previously described isolates belonging to that genus and of 16S rRNA gene 231 fragments originating from uncultured representatives of that genus showed ≤ 2 232 mismatches. 233
Further analyses were performed in R with the vegan (33) and the phyloseq 234 are dominated by β-and γ-Proteobacteria. Members of these classes were also 254 observed in the CZE soil, however, specifically γ-Proteobacteria were present in 255 lower abundance. The bioremediated CZE soil differs from the other soils by its 256 low diversity (see below), where members of the α-and β-Proteobacteria, 257 accounted for more than 97% of sequence reads (Fig. 2) . 258
Microbial community and catabolic gene shifts upon benzene and 259 BTEX stress in CZE soil. Analysis of the community based on normalized 260 sequence read data showed a relatively low phylotype richness in the CZE soil, 261 which never exceeded 74 phylotypes (see Fig. S1 ). Also the diversity asassessed by the Shannon index H´ was the lowest of all three soils (H´ < 1.61). 263
The diversity slightly decreased in the untreated soil over the first 30 days 264 (H´3 0days = 1.35) of incubation, but recovered towards the end of the experiment 265 (H´9 0days = 1.50). Incubation in the presence of benzene or BTEX had only a 266 negligible effect on diversity and similar to what was observed in untreated soil 267 microcosms, a slight decrease in diversity was observed over the first 30 -60 268 days of incubation (see Fig. S1 ). 269
Analysis of the community structure over time on the phylotype level also 270
showed only a slight effect of the incubation conditions on the community 271 structure. After 10 days of incubation an increase of one phylotype (Phy108) 272 indicating the presence of Acidobacteria was observed in the benzene treated 273 microcosms. After 90 days this unique phylotype reached roughly 13% of the 274 relative abundance ( Fig. 2A) . 275
According to molecular studies, Acidobacteria are among the most 276 abundant bacterial phyla in soil (35) and may represent up to 20% of total 277 bacteria in soil communities (36). Recent genomes sequencing projects 278 targeting bacteria belonging to this group promoted insights into their life-style 279 and revealed them to be best suited to low-nutrient conditions (37-39). 280
Holophaga foetida TMBS4T was even capable to degrade several aromatic 281 compounds such as gallate, phloroglucinol, or pyrogallol under anaerobic 282 conditions (37, 40) and Acidobacteria have also been identified as abundant in 283 a gasoline spill (41) and even discussed as benzene degraders (15). In how far 284
Acidobacteria may be involved in the degradation of pollutants under analysis 285 here remains to be elucidated. 286
The high stability of the microbial community in the CZE soil was expected 287
given that it has been under bioremediation since years (29, 42) and 288 consequently the community in this soil should have been adapted to the 289 degradation of aromatic compounds. In agreement, catabolic genes detected on 290 the microarray are related to those observed in Proteobacteria (Fig. 3) and 291 signals were observed in the benzene/toluene/isopropylbenzene dioxygenase 292 encoding genes as well as those encoding enzymes of the EXDO-D branch of 293 catechol 2,3-dioxygenases as previously described (42-44 anaerobic metabolism of aromatics (benzylsuccinate synthases and benzoyl 321 coenzyme A reductases) showed hybridization. This was also true for 322 experiments using distinct soils described below. 323
Microbial community and catabolic gene shifts upon benzene and 324
BTEX stress in BRA soil. Compared to the CZE soil, the BRA soil exhibited a 325 higher phylotype richness, which, independent on the incubation conditions 326 remained constant at S = 156 ± 18, 159 ± 15 and 163 ± 6 in untreated 327 microcosms and microcosms incubated in the presence of benzene or BTEX, 328 respectively. The diversity of the BRA soil was also higher as indicated by a 329
Shannon diversity H´ roughly double that observed in the CZE soil. No influence 330 of the incubation conditions (H´= 3.14 ± 0.21, 3.04 ± 0.18 and 3.27 ± 0.14 in 331 untreated microcosms, microcosms incubated in the presence of benzene or 332 BTEX, respectively) was observed. However, in contrast to the absence of an 333 effect of benzene or BTEX treatment on the diversity, the community structure 334 of the BRA soil, as analyzed on the phylotype level, reacted dramatically to 335 incubation with benzene, and a clear increase in the relative abundance from 1to 54% of Actinobacteria was observed, which correlates with a decrease in the 337 relative abundance from 69 to 22% of β-Proteobacteria, specifically of members 338 of the Comamonadaceae and Hydrogenophilaceae families. A similar trend was 339 observed during BTEX incubation, where actinobacterial phylotypes were also 340 enriched from 1 to 37% and β-proteobacterial phylotypes decreased from 69 to 341 36% (Fig. 2B) . 342 A detailed analysis of phylotypes being enriched ( phylotype diversity (H´1 0days = 2.73) and phylotype evenness (J´1 0days = 0.46) 398 was observed in microcosms incubated with benzene (see Fig. S1 ). Both 399 diversity and evenness increased again during extended incubation conditions 400 (H´9 0days = 3.74; J´9 0days = 0.65) wheras phylotype richness still declined S 90days = 401
154). 402
The overall changes at the phylum/class level (Fig. 2C) in SUI soil over time 403 are as rapid as the reactions observed in the BRA microcosms. However, in 404 contrast to BRA benzene treated microcosms, there was an extensive increase 405 in the relative abundance of γ-Proteobacteria from 18 to 70% during the first 10 406 days of the experiment. Subsequently, similarly to what was observed in the 407 BRA microcosms, actinobacterial phylotypes increased from 6 to 54% in the 408 first 30 days, whereas β-proteobacterial phylotypes decreased from 45 to 17%. 409
In the benzene treated microcosms, an interesting succession of phylotypesPseudomonas spp. were enriched during the first days of incubation and 412 reached more than 70% of the total abundance in 10 days. This enrichment in 413
Pseudomonas phylotypes correlated with the decrease in species richness, 414 diversity and evenness described above. Phy8, indicating the presence of 415
Pseudomonas strains related to P. pseudoalcaligenes was the most abundant 416 phylotype and accounted for 49 and 32% of sequence reads after 10 and 20 417 days of treatment, respectively. Members of the Pseudomonas genus are in fact 418 widespread in BTEX contaminated sites (43, 44) and different BTEX metabolic 419 pathways have been described (9, 56, 57) . 420
Although the overall relative abundance of β-proteobacterial phylotypes 421 decreased from 45 to 17% in benzene microcosms, a detailed analysis showed 422 that 3 phylotypes were enriched during the incubation with benzene (Fig. 4B) . 
